Abstract Metal-air batteries are becoming of particular interest, from both fundamental and industrial viewpoints, for their high specific energy density compared to other energy storage devices, in particular the Li-ion systems. Among metal-air batteries, the zinc-air option represents a safe, environmentally friendly and potentially cheap and simple way to store and deliver electrical energy for both portable and stationary devices as well as for electric vehicles. Zinc-air batteries can be classified into primary (including also the mechanically rechargeable), electrically rechargeable (secondary), and fuel cells. Research on primary zinc-air batteries is well consolidated since many years. On the contrary, research on the electrically rechargeable ones still requires further efforts to overcome materials science and electrochemical issues related to charge and discharge processes. In addition, zinc-air fuel cells are also of great potential interest for smart grid energy storage and production. This review aims to report on the latest progresses and state-of-the-art of primary, secondary and mechanically rechargeable zinc-air batteries, and zinc-air fuel cells. In particular, this review focuses on the critical aspects of materials science, engineering, electrochemistry and mathematical modeling related to all zinc-air systems.
Introduction
In the modern industrialized society, the electrical energy demand is increasing exponentially [1] ; but environmental pollution, due to the usage of fossil fuels for power generation, is a very well known and urgent problem [1, 2] . Renewable and sustainable energy, such as solar and wind [3] [4] [5] [6] , could replace hydrocarbons, but it is also important to find a safe, reliable and efficient way to store such energy and use it in transportation systems and large-scale applications, for instance. For this reason, researchers and industry are looking for new strategies for better electrical energy storage devices. Among these, the batteries represent the right key for the next generation of green vehicles and grid energy storage, due to their relatively high energy density compared to supercapacitors that have, instead, a higher power density [7] [8] [9] .
Nowadays, the need for energy storage in a robust and reliable electric grid is increasing as a result of the growing and worldwide use of renewable power generation [10] . In Japan, for instance, due to the potential decommissioning of nuclear fleet, it is becoming crucial the use of alternative and smart ways to generate, store and distribute electric energy [10] . Italy, instead, has substantial renewable capacity relative to grid size, and the grid is currently struggling with reliability issues; moreover, in the USA, Canada and Germany there is a keen interest to invest much more in renewable power sources (wind, solar, thermal, etc.,) [10] [11] [12] [13] . For these reasons, it is important to develop more efficient grid storage systems. The currently available mature and reliable technologies for high system power ratings (100 MW-1 GW) are pumped hydro-storage (PHS) and compressed air energy storage. However, for smaller and smarter grids, electrochemical devices, chiefly batteries, play an important role for power rating in the range from c.a. 1 kW to 10 MW [9] . Among batteries, the following are the most investigated ones: the well known and widely used lead-acid ones, that have also recently undergone notable technical improvements; the more recent lithium ion-based technology concept; the redoxflow batteries (e.g., Zn/Br; Zn/Cl, Vanadium-redox), and finally the sodium-sulfur and metal-air devices that are being actively studied by several industrial and academic institutions [14] [15] [16] [17] [18] [19] . In this framework, metal-air batteries potentially represent the method of choice for smart and green grid storage, since their peculiarity is the high theoretical energy density and the low environmental impact of their components [12, 20] . Recently (2012), the EOS Energy company began its mission to employ zinc-air batteries for grid storage, believing in their potentialities over other types of batteries where less safe, scarce and expensive materials, such as lithium, are employed [21] .
Even if the technology of lithium ion batteries (LIBs) is well established for portable applications such as mobile telephones, digital cameras, etc., their energy density is still not entirely satisfactory for electric vehicles (EVs) applications and driving ranges comparable to those typically obtained with fossil fuels. Nevertheless, electric vehicles totally based on Li- Therefore, in the near future, the so-called metal-air batteries could replace the ion-based technology as shown in Fig. 1 [33, 34] . Among all the different types of metal--air batteries-such as those based on Ca, Mg, Li, Zn, Al, Fe and Cd-, Li-air and Zn-air batteries are the most promising ones. A comparison between theoretical and practical gravimetric energy density (Wh/kg) for different electrochemical energy storage devices is reported in Fig. 2 [35] . In detail, the practical energy density of lead-acid and NiCd batteries is c.a. 40 Wh/kg; that of Ni-MH systems is 50 Wh/kg, that of devices based on Li-ion chemistry is 160 Wh/kg and that of Li-S concepts is about 370 Wh/kg. The practical energy density of metal-air systems, instead, can be summarized as follows: Zn-air 350 Wh/kg, Al-air (not shown in Fig. 2 ) 1,300 Wh/kg and Li-air 1,700 Wh/ kg [36] . A very recent review on metal-air batteries, including the zinc-air ones, provides the reader with a general overview and comparison on the different metalair technologies [37] . To the best of our knowledge, a rich and recent scientific literature is available for Li-air cells, but not for Zn-air systems. Nevertheless, apart from some debates on the last two technologies, which are summarized in the quite recent review of Lee et al. [38] , from a materials science point of view it is very challenging to obtain an efficient electrically rechargeable metal-air battery employable for EVs.
Zinc as a metal is safer than lithium and can be fully recycled [39] . The availability of zinc is not a major problem, compared to lithium, since the number of zinc reserves is high around the world, currently the largest producers being China, Australia, Canada and the USA [39, 40] . Some properties of the electrochemical zinc-air cells and other metals are listed in the Table 1 [41] , where it is possible to notice that Li, Ca, Mg and Al have the highest specific energy, but they have very negative electrode potentials and, as a result, these electrodes corrode easily in aqueous electrolytes with the production of hydrogen gas.
A zinc-air battery, as schematically illustrated in Fig. 3 , is composed of three main components: a zinc anode, an alkaline (KOH) electrolyte and an air cathode (usually a porous and carbonaceous material). Oxygen diffuses through the porous air cathode, and the catalyst layer on the cathode allows the reduction of oxygen to hydroxide ions Fig. 1 Batteries for electric drive vehicles. Reproduced with permission from [34] in the alkaline electrolyte with the electrons obtained from the electrochemical oxidation of the zinc anode. On recharge, oxygen will be evolved and diffuses out of the positive electrode, whereas zinc is deposited at the negative electrode. An oxygen electrode with dual catalytic activity (for ORR and OER) (not shown in Fig. 3 ) must be used for a rechargeable battery. This is a very hot topic and some key advancements have been recently published [42] .
Zinc-air batteries can be classified into primary and electrically rechargeable. The former ones are commonly employed in hearing aid devices since the 1960s and represent a very well established technology without the need of further developments in terms of research on new materials and engineering improvements. The latter ones, on the contrary, still require research efforts to improve the efficiency and minimize obnoxious side effects occurring during the charging process [42] , such as, for instance, zinc dendrites formation, limited number of charge-discharge cycles due to deterioration of the air cathode and carbonation of KOH electrolyte. In addition, in an electrically rechargeable zinc-air system, it is also important to deeply study and understand the chemistry of zincate solubility in the alkaline electrolyte as well as to develop new catalyst materials [42] .
This review provides a comprehensive summary of the latest developments in zinc-air battery and fuel cell science and technology, covering, in particular, the materials used for the anode, the cathode, and the electrolyte as well as all the problems currently limiting the widespread success of electrically rechargeable zinc-air batteries.
Primary zinc-air batteries
This section concentrates on anodic, electrolytic and cathodic materials employed in primary zinc-air battery. From the point of view of applications, primary Zn-air batteries are well known for use in hearing aid devices (button-type cells), as hinted at in the introduction. Nevertheless, large primary Zn-air batteries have been also used to provide low rate and long-life power for applications such as seismic telemetry, railroad signaling and navigational buoys as well as remote communications. The theoretical specific energy density of Zn-air batteries is 1,084 Wh/kg. The theoretical voltage of a zinc-air cell is In addition, the discharge curve of a Zn-air cell is flat with minimum potential decay-compared to Li-air systems-when a constant current density (50-100 mA cm -2 ) is applied at the battery, and the voltage is measured and monitored over discharge time.
Anode materials
The anode materials of any Zn-air battery is simply zinc, employed in different forms such as powder or fibers, to increase efficiency. During discharge of the battery, the following chemical reaction scheme describes the processes involved at the zinc anode in alkaline solutions:
Zn(OH)
In particular, during discharge, the oxidation of the zinc electrode can involve several processes including oxidation of surface zinc atoms, ion solvation in the solution, ion diffusion in the electrolyte and precipitation into a solid phase when the solubility limit is reached.
Some interesting properties of zinc relevant to battery applications (at room temperature) are listed in the Table 2 [43]. One of the most important characteristics of Zn metal is its low electrical resistivity, equal to 5.96 lX cm. In addition, the corrosion rate of zinc in alkaline solutions is not very fast compared, for instance, to aluminum; but during the anodic discharge of the battery, as it is possible to conclude from reaction (4), the hydrogen evolution (HER) in the form of gas is problematic. In particular, due to the basicity of the concentrated (4-9 M, with pH *14 in order to ensure a high ionic conductivity) KOH electrolyte in aqueous solutions-usually employed in Zn-air batteries-, zinc corrodes producing hydrogen, as summarized in the Pourbaix diagram (Fig. 4a) [44], giving rise to charge losses and potentially dangerous hydrogen gas buildup. It is also worth noticing that, when the pH is lower than 13, passivation of zinc results in the formation of stable (known as type II), compact, insoluble and n-type semiconductor zinc oxide (ZnO), that is inconvenient for battery operation [45] .
The rest of this section will be devoted to the discussion of the different types and configurations of Zn anodes for primary Zn-air batteries. The use of zinc foil is inconvenient, because it reduces the performance of the electrochemical cell due to the low surface area. In order to increase the surface of the zinc anode particular strategies can be adopted, resulting in an enhancement of the battery lifecycle; among these solutions, the use of nano-and microstructured materials plays an important role. Figure 5 shows the different forms of zinc materials that have been employed as anodes in both primary and secondary zincair batteries [43, 46, 47] . All these types of zinc materials have different values of porosity. A suitable value of porosity is crucial to discharge the battery at large current densities with minimal voltage losses and long durability. A porosity value in the range between 60 and 80 % is commonly found at the anode of a Zn-air battery, which corresponds to a capacity of 1.2-2.2 Ah/cm 3 . Moreover, it is worth noticing that, as reported in Fig. 6 [47] , the Adapted from [43] SHE standard hydrogen electrode conductivity of the zinc anode behaves in different ways, depending on the morphology of the material (powder or fiber) and on its porosity. Fibrous zinc has a better electrical performance in the range of porosities required for an efficient Zn-air battery. On the contrary, an atomized zinc powder has a low porosity (about 50 %), and, for this reason, a gelling agent is used to make a mix of zinc powder and electrolyte, such that the former is suspended in the electrolyte gel and, then, increases the porosity of the anode material to c.a. 70 % [48, 49] . Different types of gels or binders have been reported, such as polytetrafluoroethylene (PTFE) [50, 51] , sago [49, 52] , carbopol gel [53] , and a tapioca binder [54] . Notwithstanding its advantages in terms of porosity enhancement, the use of gelling agents increases both electrolyte resistance and manufacturing costs.
It is important to note that, when the zinc anode is employed in dispersed forms such as powder or fiber, mercury is typically added to enhance the electrical conductivity and to reduce the evolution of H 2 [55] . Of course, mercury ought to be replaced in sustainable Zn-air technologies. Four chief strategies have been developed for Hg replacement, mainly aiming to increase the overpotential for hydrogen evolution. Qualitative relationship between conductivity and porosity for powder electrodes and fibrous electrodes. Reproduced with permission from [47] (i) Alloying zinc with other metals (Pb, Cd, Ni) with high hydrogen evolution overvoltage (a potentiodynamic polarization analysis is used to measure the relevant overpotential). However, all these elements are either highly toxic or not environmental friendly. For this reason, Zhang et al. [56] suggested the introduction of metallic bismuth to a pasted zinc electrode. In addition, alloys of Zn and Al are also used not only to inhibit corrosion of Zn, but also to increase the capacity of the anode material and decrease its weight [57] by harvesting both the reactivity of Al in alkaline solutions and its density. Special attention has been devoted to the more environmentally acceptable ZnNi alloy system. The comparative corrosion of Zn and Zn-Ni alloys in different conditions (temperature and concentration of the KOH electrolyte) has been studied in [58] [61] and phosphoric acid esters (e.g., GAFAC RA600) [62] .
Cathode materials
The cathode is, of course, an ''air cathode'' and performs the reduction of O 2 to complete the redox reaction of the battery. Being a gas electrode, the cathode has to be porous and electrocatalytically active. The cathodic electrochemical reaction can be written as follows:
Since an alkaline solution is typically employed in Znair batteries, Eq. (5) represents the typically favored mechanism [63, 64] . As far as the catalysts are concerned, Zn-air batteries do not require precious metal catalysts, such as platinum, ruthenium or palladium, for the relevant chemistry; moreover, it has also been shown that noble catalysts tend to decrease the electrochemical performance since noble metal traces, released from the cathode, tend to diffuse to the zinc anode, lower its hydrogen overvoltage thus enhancing corrosion and gas production.
References [33, 65] review the electrochemistry of the oxygen reduction reaction in metal-air batteries (including Zn-air ones) as well as the relevant catalysts. Moreover, Ref. [66] comprehensively compiles the published catalyst options and cathode configurations, with special attention to the patent literature. Among air cathode materials, Fe-and Cobased catalysts obtained by pyrolysis of N-and C-containing precursors (such as polypyrrole and polyaniline) [67] as well as graphene loaded with Mn 3 O 4 nanoparticles [68] and CNT mixed with CoO [69] , have been shown to be efficient for primary Zn-air batteries and to exhibit better performance than noble metals. The role of the carbonaceous materials is to support the catalyst and to create a porous and electronically conductive path. However, to avoid leakage of the electrolyte from the air cathode (see, e.g., [70] ), superhydrophobic materials, such as polytetrafluoroethylene (PTFE), are also employed as fillers in the fabrication of air cathodes [64] .
References [71] [72] [73] [74] [75] [76] [77] [78] [79] [80] [81] [82] [83] [84] [85] [86] [87] [88] [89] [90] provide a comprehensive description of the available air cathode fabrication concepts that can be summarized as follows: (i) Teflon Ò membrane on [59] the air side with a high air permeability of 2,000-4,000 s (Gurley method). This membrane protects the air cathode against possible leakage of electrolyte to the current collector.
(ii) Current collector, typically a Ni mesh, a cheaper woven copper mesh with Ni coating, or an expensive Ni foam. Ni foam has been reported to exhibit a typically higher surface area, ensuring a better performance of the air cathode. (iii) Gas diffusion layer (GDL) chiefly composed of acetylene blacks (AB) with low BrunauerEmmett-Teller (BET) surface area and wettability mixed with polytetrafluoroethylene (PTFE). The use of acetylene blacks with higher hydrophobic properties promotes more hydrophobic GDL properties. (iv) Catalyst layer: composed by the catalyst mixed with carbon blacks exhibiting high BET surface area and PTFE for hydrophobization.
Electrolyte
The most suitable electrolyte for Zn-air batteries is potassium hydroxide (KOH, some relevant properties of this electrolyte have been listed in Table 3 ), owing to its high ionic conductivity and low cost. Other electrolytes have been considered, chiefly NaOH, but these have proved less effective. The concentration of KOH is selected in view of minimizing Zn corrosion and H 2 evolution. 30 % KOH is a typical compromise among good ionic conductivity, maximum solubility of zinc oxide and minimal zinc corrosion. One of the main problems with these aqueous alkaline electrolytes is carbonation, resulting from the presence of carbon dioxide in the atmospheric air. Not only does the formation of potassium carbonate lower the I-V curves and adversely affect the capacity of Zn-air batteries, but-since potassium carbonate is less soluble than potassium hydroxide-it also causes pore clogging of air cathodes [70] .
Mechanically rechargeable Zn-air batteries
Among primary Zn-air batteries, the mechanically rechargeable ones, schematically illustrated in Fig. 8 , consist of a replaceable anode cassette comprising a slurry of zinc particles in contact with a potassium hydroxide solution and brought in contact-typically by gravitywith a current collector. The anode cassette is confined by a separator envelope and put into contact with the air electrode via a free-electrolyte compartment. Of course, the mechanical recharging policy allows fast regeneration of a spent cell in a configuration that preserves the benefits of a primary cell concept, but allows the body of the cell to be hosted in a more rugged way to the device exploiting the battery, in a way that is typical of secondary batteries. Of course, mechanically rechargeable batteries do not exhibit the degradation problems related to morphology and shape changes taking place during electric charging and discharge that are typical of secondary batteries. This type of Zn-air battery concept has been chiefly studied by Electric Fuel Ltd. for defense applications, consumer electronic products and electric vehicles (buses in particular). In particular, the best-documented mechanically rechargeable zinc-air battery module employed is the one tested in electric buses, exhibiting a high specific energy density ([200 Wh/kg), able to power the vehicle for c.a. 400 km [91] [92] [93] [94] . A typical regeneration route, schematically illustrated in Fig. 9 , is described in [93] and includes the following operations: (i) disassembly, in which separator bags are removed from the anodes, and the zinc oxide discharge product (along with residual, undischarged zinc) is removed from the current collector frames; (ii) dissolution, in which zinc oxide is dissolved in a KOH solution to form a zincate-rich feed, according to the following reaction: ZnO ? 2KOH ? H 2 O ? K 2 Zn(OH) 4 ; (iii) electrowinning, in which the zincate solution is electrolyzed according to the following reaction: K 2 Zn(OH) 4 ? Zn ? 2KOH ? H 2 O ? O 2 ; (iv) reassembly, in which the electrowon zinc, together with residual (charged) metallic zinc, is compacted onto the current collector frame and the anode is inserted into a separated bag.
Electrically rechargeable Zn-air batteries
In this section, a discussion of the anode, cathode and electrolyte materials employed in electrically rechargeable Zn-air batteries (ERZAB) will be provided. In addition, the main problems, limiting their commercialization and widespread application, will be discussed. It is worth underlining that most of the materials employed in primary Zn-air batteries are also used in ERZAB, especially the anode materials, the electrolyte and the catalysts for the oxygen reduction reaction (ORR). Of course, the main research challenges and difficulties in materials selection stem from the requirement of reversibility and efficiency in Adapted from [43] Mater Renew Sustain Energy (2014) 3:28 Page 7 of 12 both discharge and charge processes. Li et al. [69] , in a very recent paper (May 2013) demonstrated an excellent bifunctional electrocatalyst, exhibiting optimal ORR and OER activities during discharge and charging processes, respectively.
Anode materials
As in the primary Zn-air battery, in the electrically rechargeable one, the anode material is zinc. However, in a secondary battery, this component changes structure and shape during repeated charge/discharge cycles, corresponding to zinc dissolution and re-deposition for several reasons, chiefly inhomogeneous current distribution and presence of concentration gradients in the electrolyte. As far as the shape changes are concerned, the typical shape change problems that have been reported to take place during charging are dendrite formation (leads to the loss of active material and to short-circuiting) and electrode densification (causing the originally porous zinc to leave active locations and agglomerate into self-screening compacts) [42] . It is worth noting that the different types of shape change phenomena can be strongly interconnected. A comprehensive account of shape change phenomena can be found in Ref. [43] . In the quest for reversible electrical recharging processes, effective dendrite suppression was achieved by applying a zeolite film over the zinc electrode [94] . This film keeps the Zn 2? discharge product close to the electrode, preventing it from being flushed away into the electrolyte.
Cathode materials
As hinted at above, at the cathode of a rechargeable Zn-air battery, both the oxygen reduction reaction (ORR) and the oxygen evolution reaction (OER) are key factors for the efficiency of the system. Presently, a cathode material that is efficient and durable for both ORR and OER is not available, but research in the field seems active. Reference [42] reports on a novel core-corona bifunctional catalyst (CCBC) consisting of lanthanum nickelate centers supporting nitrogen-doped carbon nanotubes (NCNT). Reference [95] [96] reports on novel silver nanoparticles-decorated MnO 2 nanorods as an air electrode bifunctional catalyst. An alternative to the use of bifunctional catalysts is the approach of employing two specialized air cathodes for ORR and OER, respectively [69] .
Electrolyte
The electrolyte most commonly employed in an electrically rechargeable Zn-air battery is again KOH. However, in the oxidation-reduction cycling, the electrochemistry of zinc in potassium hydroxide gives some problems because the precipitation of zinc oxide is irreversible and reduces the availability of Zn 2? ions upon cycling. The use of chelating ionic liquids has been proposed to circumvent precipitation issues [97] .
Mathematical modeling of electrically rechargeable Zn-air batteries
To the best of our knowledge, just one paper has appeared on the mathematical modeling of the thickness of the anode and the optimal KOH concentration. Reference [98] presents a numerical model for a single-cell rechargeable Zn-air batteries able to estimate the I-V response of the cell, the individual Zn and O 2 electrode potentials as well as the potential and concentration profiles (see Fig. 10 ). The model proposed in [98] consists of two partial differential equations for the material balance of ions moving in the electrolyte and solid species locked in the anode. Fig. 9 Regeneration process of zinc anodes. Reproduced with permission from [93] Zinc-air fuel cell Zinc-air fuel cell systems are potentially attractive for stationary and large-scale production and storage of electric energy. At variance with primary and electrically rechargeable zinc-air batteries, the zinc-air fuel cells (ZAFCs) are based on the flow of a mixture of Zn particles and electrolyte. Zn particles produced by different methods have been tested, including cut wire chunks, compacted electrodeposited dendrites, Zn spheroids reconstructed electrochemically in a spouted bed reactor (see, e.g. ,  Fig. 11) ; zinc pellets are preferred to compacted dendrites owing to their better fluid dynamic behavior [93, [99] [100] [101] [102] . The spent Zn particles, along with the KOH electrolyte, are replaced hydraulically by pumping from an external tank. Moreover, during discharge potassium zincate is continuously pumped away with the electrolyte. A schematic representation of a regenerative zinc-air fuel cell is shown in Fig. 12 [43] .
Conclusions
In this review, the different types of zinc-air batteries described in the literature and their functional components are examined from the point of view of electrochemical materials science. Among all metal-air batteries, the zincair ones are of particular interest since in principle they can be safer, cheaper and more environmentally friendly than other competing technologies. Furthermore, zinc-air batteries, both primary and electrically rechargeable, can meet the requirements of the whole range of applications: portable electronics, medium-scale energy production and storage and eventually grid storage. Fully engineered secondary zinc-air batteries are not yet available: research and development is still needed, especially in the fields of: (i) shape changes of the Zn electrode during charge/discharge cycles, (ii) durable and dual air cathode catalysts, (iii) KOH-based electrolyte chemistry. As far as highpower applications are concerned, the mechanically rechargeable and the flowing anode concepts are particularly appealing for the possibility of achieving essentially continuous operation as well as of implementing an off-line electrical generation process. Reproduced with permission from [98] Open Access This article is distributed under the terms of the Creative Commons Attribution License which permits any use, distribution, and reproduction in any medium, provided the original author(s) and the source are credited.
